The "UV footprinting" technique has been used to detect contacts between EcoRI endonuclease and its recognition sequence at single nucleotide resolution. Comparison of the UV-footprinting results to the published crystal structure ofthe EcoRI endonuclease-DNA complex allows us to determine how UV light detects protein-DNA contacts. We find that kinking of the DNA helix in the complex greatly enhances the UV photoreactivity of DNA at the site of the kink. In contrast to kinking, contacts between the endonuclease and the DNA bases inhibit the UV photoreactivity of DNA. Similar analysis of a proteolytically modified endonuclease that exhibits the same sequence specificity as wild-type enzyme but that does not cleave DNA supports these conclusions. Furthermore, detection of enhanced photoreactivity at the same kink in the modified enzyme-DNA complex allows us to conclude that the loss of cleavage activity by the modified endonuclease is not due to its failure to kink DNA.
By itself, the DNA double helix is genetically inactive. The binding of sequence-specific proteins to the DNA helix is necessary to accurately transcribe, replicate, modify, rearrange, and repair genetic messages. The ability to detect and monitor sequence-specific protein-DNA interactions thus provides a powerful tool for elucidating the molecular mechanisms responsible for rendering the genetic message biologically active, stable, and inheritable. Becker and Wang (1) described the development of a "UV footprinting" technique that can detect sequence-specific protein-DNA interactions in vivo. Protein contacts can inhibit or enhance UV-photoproduct formation by affecting the ability of DNA to adopt a geometry necessary for the formation of a UV photoproduct. Thus, differences in the strand-breakage patterns of protein-free and protein-bound DNA can be used to detect protein-DNA contacts at singlenucleotide resolution.
Sequence-specific contacts between DNA and regulatory proteins, such as the lac repressor and Xenopus transcription factor IIIA, strongly inhibit the ability of bound DNA to be damaged by UV light (1, 2) . In contrast, proteins that do not make sequence-specific contact with the DNA helix, such as nucleosomes or histone H1, only weakly alter the UV photoreactivity of DNA (2) .
In this paper, the ability of UV light to detect intimate contacts between the EcoRI endonuclease and its recognition sequence is examined in detail. Because a high-resolution x-ray crystal structure of the endonuclease-DNA complex is available (3), we are able to show that strong inhibition of UV photoreactivity at particular bases occurs when the mobility of the photoreactive base is restricted by protein contact. We also demonstrate that kinking of the DNA phosphate backbone by the endonuclease greatly enhances the UV photoreactivity of DNA at the site of the kink.
MATERIALS AND METHODS
Enzyme and DNA Preparation. EcoRI endonuclease, the EcoRI derivative DELN29, and oligonucleotide ( Fig. 1 ) were prepared and purified as described (4) .
Ethylation-Interference Analysis. Purified synthetic 20-mer was ethylated with ethylnitrosourea (5 Fig. 2 ) for 30 min. Solutions of free and bound DNA were irradiated as described (2) . The samples were then subjected to PAGE (12% polyacrylamide gel; 20 mM Tris borate/1 mM EDTA, pH 7.0), which permitted resolution of undamaged duplex DNA, photodamaged duplex and singlestranded DNA, and protein-bound photodamaged duplex DNA. Bands were excised from the gel, and eluted with a solution containing 10 mM Bis-Tris-Propane (1,3-bis[tris(hydroxymethyl)methylamino]propane), 100 mM triethylammonium chloride, and 10 M urea (pH 7.8), and then purified over NENsorb 20 columns. Chemical cleavage of photoproducts was carried out as described (1, 2) with the following modifications. After deamination in a volume of 50 ,ul, 50 ,ul of 200 mM thymidine containing 1 mg of freshly dissolved sodium borohydride was added. The solution was allowed to sit in the dark at 0-4°C for 16 hr at which point 100 ,ul of 400 mM sodium acetate (pH 5) was added. The solution was vigorously Vortex mixed, another 100 ,ul of sodium acetate was added, intermittent Vortex mixing continued for 1 hr, and then the sample was purified by using a NENsorb 20 column. The oligomer was dissolved in 50 ,ul of acidic aniline (pH 4.5) , heated in the dark at 60°C for 45 min, and lyophilized to dryness. Lyophilization from 100 ,ul of water was repeated two more times. The strand-breakage patterns of all samples were analyzed on 22% polyacrylamide/7 M urea gels.
*To whom reprint requests should be addressed.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 
RESULTS
Crystallographic analysis of an EcoRI endonuclease-oligonucleotide complex at a resolution of 3 A (3) has shown that the endonuclease makes sequence-specific contacts to three purines on each strand of the recognition sequence GAA-TTC. There is no contact to the pyrimidines or flanking bases. The phosphates at A7pA8 and A8pG9 (see Fig. 1 (4) by nondenaturing PAGE (results not shown).
We irradiated solutions of free 3'-end-labeled duplex DNA or endonuclease-DNA complex for 6 or 10 sec. Unirradiated controls were examined in parallel. The strand-breakage patterns of free and bound photodamaged DNA from the 10-sec experiment are shown in Fig. 3 .
We have quantitated the results from the 6-and 10-sec experiments ( (Fig. 4) or four data sets (Fig. 5) , obtained as follows. In the 6-sec irradiation experiment (Fig.  4) lane were then made by comparing the relative intensities of bases that did not form photoproducts.
As can be seen in Figs. 4 and 5, the pattern of inhibition of photoproduct formation by bound endonuclease was the same in the 6-and 10-sec irradiation experiments. The only significant difference between the two experiments is the striking enhancement of photodamage by bound endonuclease in the 10-sec irradiation experiment. The failure to detect this enhancement in the experiment with less light is simply due to the failure of this weak photoproduct to form significantly at lower UV fluence.
Identification of Photoproducts. Because our oligonucleotide is labeled with 32P at its 3' end and because our chemical reactions break the DNA backbone at the 3'-phosphate ofthe UV-damaged base (1, 2) , strand breakage at a UV photoproduct yields DNA with the same mobility as strand breakage induced by the sequencing chemistry of Maxam and Gilbert (7) . Chemically cleaved unirradiated oligonucleotides were used, therefore, as standards. When UV photoproducts form between two bases, the amount of the photoproduct is represented by the amount of strand breakage at the base closest to the 3' end of the molecule.
UV photoproducts can be broadly placed into two categories, those that form between two adjacent bases on one DNA strand and those that form at isolated bases (9) . Well-known examples of the former photoproducts include the formation of cyclobutane dimers between all pyrimidines (9), the formation of pyrimidine-pyrimidone(6-4) photoproducts at TpC and CpC sequences and to a much lesser extent at TpT and CpT sequences (9, 10) , the formation of a pyrimidine-purine dimer at TpA sequences (11) , and the formation of purine-purine dimers at ApA sequences (12, 13) . Examples of photoreactions at isolated bases include the photoaddition of H-or -OH to the double bonds at positions 5 and 6 of pyrimidines (9) .
Alteration of Photoreactivity by Bound Protein. We expect protein contact with a base to inhibit the ability of the base to photoreact with adjacent bases by affecting its ability to adopt a geometry necessary for photodimerization. X-ray crystallographic analysis of cyclobutane dipyrimidine photoi- Relative amounts of each photoproduct formed in the experiment. Enhancement or inhibition of photoproduct formation is expressed as the ratio of bound/free where bound is the intensity of photoproduct formation at a particular base in the presence ofbound endonuclease minus the intensity ofthe same base observed in the absence of light. This latter correction is necessary since the chemical reactions used to induce strand breakage at the site of UV damage also induce some strand breakage in unirradiated DNA (1) . A similar calculation in the absence of protein yields the quantity free. Solid bars, strongly protected bases whose protection is equal to or greater than the indicated ratio. Error bars show standard deviations for two sets of data. PCT, percent. products (9, 14) as well as unwinding measurements of UV-damaged DNA in solution (15) clearly demonstrate that significant rotation of adjacent pyrimidines must precede or accompany photoreaction. In addition, energy transfer from DNA to protein or protein-induced alteration in collisional or vibrational deexcitation processes within DNA may contribute to UV footprints.
In the discussion that follows we interpret the endonuclease-induced changes in UV photoreactivity in view of the known x-ray structure of the endonuclease-DNA complex, our ethylation-interference studies, and the known structures of UV photoproducts. Since all changes detected in the 6-sec irradiation experiment are detected in the 10-sec irradiation experiment, we limit our discussion to the latter. For discussion purposes, it is convenient to label each base in our oligonucleotide with a number starting at the 5' end of the molecule (Fig. 1) . We do not discuss A"0, G17, A18, A19, and G20, where no photoproduct was detected.
C'4. Both cyclobutane and pyrimidine-pyrimidone(6-4) photoproducts are expected to form between C14 and T13 at this highly photoreactive cytosine. Endonuclease binding strongly inhibits C14 photoreactivity, even though the x-ray analysis rules out any direct protein contact to this cytosine. This shows that inhibition of photodamage at a particular base does not require direct protein contact with that base. We interpret this result as follows: Arg-200 forms a bidentate hydrogen-bonding interaction with G9' as part of the sequence recognition mechanism (3) . Since photoreaction at C14 necessitates rotation to allow dimerization to T13, endonuclease contact to G9', which is hydrogen bonded to C14, could prevent the entire base pair from rotating, thus preventing C14/T13 photodimerization. The strong interactions between the endonuclease and the phosphates at A8'pG9' might also contribute to geometric constraint in this region.
T'5. The expected photoproduct is the formation of a cyclobutane dimer to C14 since CpT sequences do not readily form pyrimidine-pyrimidone(6-4) dimers (10) . We interpret the inhibition (by a factor of 5) of photoproduct formation at T15 as an indirect effect of the strong contact to G9', restricting the rotational flexibility of C14 required to photo-
T16. The expected photoproduct is the formation of a cyclobutane dimer to T'5 since TpT sequences do not readily form pyrimidine-pyrimidone(6-4) dimers (10) . We observe inhibition by a factor of 3-4 at T16, even though the endonuclease contacts neither T15 nor T16 nor contacts their base-paired partners on the opposite strand. Furthermore, restriction of the rotation of C14 by bound endonuclease should not affect the mobility of T15 for dimerization to T'6. We, therefore, surmise that the strong contacts between the endonuclease and the phosphates at A7pA8 restrict the rotational mobility of base pair 16'7' and hence inhibit T16 photoreactivity. Alternatively, kinking of the DNA between bases 14-9' and 15-8' could restrict the mobility of T'5 preventing its photodimerization to T'6.
T13. The expected photoproduct is a cyclobutane dimer to T12. Although the endonuclease makes no direct contact to either T13 or T12, it makes bridging interactions to their hydrogen-bonded partners A10' and All' as part of the sequence recognition mechanism (3). Thus, as argued above for inhibition of C14 UV photoreactivity, endonuclease contact to A0' and A"' could inhibit the mobility of both base pairs, inhibiting the ability of T'3 to photodimerize to T'2.
T'2. Photodimer formation between T12 and A" is unlikely since the only pyrimidine-purine photodimer characterized forms at 5'-dTpA and not 5'-dApT sequences (16) . Thus, the very weak photoproduct that forms at T12 probably represents an isolated photoreaction at T12. The endonuclease does not contact T12 directly and has little effect on its photoreactivity. The other strong protein-DNA interactions in the vicinity (A", Al", and the phosphates at All pT12 and A1"'pT12') would also not be expected to affect an isolated photoreaction at T12 since no significant rotation ofT12 would be necessary to form a UV photoproduct. A". X-ray analysis demonstrates a strong contact between All and amino acids Glu-144 and Arg-145 ofthe endonuclease (3) . Photochemical dimers can form between adjacent adenines (12, 13) . Thus, we surmise that endonuclease contact to All strongly inhibits All UV photoreactivity by preventing All from rotating into a geometry necessary to photodimerize with A10.
G'. Endonuclease binding shows little or no effect on the production of this weak photoproduct. X-ray analysis, however, demonstrates a strong hydrogen-bonding interaction between Arg-200 and G9 (3). Since no photoreactions between guanine and adenine have been reported, we suspect that photoreactivity at G9 does not involve a photodimerization reaction to A8. Isolated photoreaction at G9 would explain the failure of endonuclease contact to inhibit its photoreactivity, since no significant rotation would be required.
As. The expected photoproduct is a photodimer to A7. Our measurements demonstrate that bound endonuclease produces a 9-fold enhancement of UV photoreactivity at A8. The endonuclease does not contact A8 or A7. The DNA in the complex (3) is kinked at the phosphate between positions 8 and 9 resulting in a significant distortion of base pair 8'15'. Base (4) . Thermodynamic analysis (4) also showed loss of two nonspecific electrostatic contacts per dimer in DELN29. The crystal structure (3) shows that the amino terminus wraps around the DNA helix and makes these nonspecific phosphate contacts on the back side of the helix opposite the scissile bond.
Because DELN29 has lost only nonspecific phosphate contacts, it should make normal sequence-specific phosphate contacts in the region of the GAA recognition site. We have verified this by comparing the ethylation-interference patterns of wild-type endonuclease and DELN29. The patterns of strong interference (Fig. 2) imply that the contacts at A7'pA8'pG9' and A"'pT'' are equivalent.
Since wild-type endonuclease and DELN29 make the same base and strong phosphate contacts, their UV footprints are consequently similar (Fig. 3) . We detect only one significant difference (Figs. 4 and 5) between the UV footprints of the two proteins, a slightly weaker protection at C14 by DELN29. This may reflect the additional constraint conferred by the amino-terminal arm in this region (4) .
Because DELN29 does not cleave DNA upon addition of Mg2 +, we made photofootprints in the presence and absence of Mg2+. As can be seen in Fig. 3 , the photofootprints observed in the presence and absence of Mg2+ are similar qualitatively and quantitatively. These observations show that there is no major rearrangement of the protein-DNA interface upon addition of the catalytic cofactor. This is entirely consistent with the observation (D.L. and L.J.-J., unpublished data) that the quantitative binding discrimination between related DNA sequences by DELN29 is unaffected by Mg2 .
DISCUSSION
The well-characterized structure of the EcoRI endonuclease-DNA complex has allowed us to determine which kinds of protein-DNA interactions are detected by UV footprinting. UV footprinting accurately locates the overall region of protein-DNA interaction in solution, with excellent correspondence to the crystal structure.
Detailed analysis of the effect of bound endonuclease on photoproduct formation at individual bases shows that the protein can influence photoreactivity by several mechanisms. As expected, direct protein-base contacts inhibit photoreactions between adjacent bases (e.g., A") but fail to do so when photoreaction is restricted to a single base (e.g., G9).
We have also shown that bound protein can affect photoreaction at a base without contacting it directly. The bases in the region T13-Cl4-T'5-T16 are clearly not contacted by the protein, so inhibition of photoreaction must result from protein contacts with their hydrogen-bonded purine partners (G9' and A'0') or with phosphates on the same (T12pT13) or opposite (A7'pA8pG9') strands. Most strikingly, a major structural distortion in the DNA (the "type II" kink at A8pG9) is 
